r The present study suggests that the electrogenic sodium-bicarbonate cotransporter, NBCe1, supported by carbonic anhydrase II, CAII, provides an efficient mechanism of bicarbonate sensing in cortical astrocytes. This mechanism is proposed to play a major role in setting the pH i responses to extracellular acid/base challenges in astrocytes.
Introduction
Neuronal activity is often accompanied by a dynamic shift in intra-and extracellular acid/base status of the mammalian brain (reviewed by Deitmer & Rose, 1996; Chesler, 2003) . Acid/base status of the brain is also known to be altered during many pathological processes, such as epilepsy, spreading depression, ischaemia, anoxia and traumatic brain injury (Mutch & Hansen, 1984; Siesjo et al. 1985; Xiong & Stringer, 2000; Gupta et al. 2004) . HCO 3 − /CO 2 constitutes the major physiological buffer system for cellular and systemic acid/base homoeostasis, in brain tissue and other organs, by forming a dynamic chemical equilibrium between HCO 3 − + H + ↔ CO 2 + H 2 O. Accumulating evidence suggests that, apart from its central role in acid/base homoeostasis, bicarbonate is also relevant for many other functions in the CNS, such as cerebrospinal fluid formation, glucose metabolism, glia-neuron metabolic communication and cell volume regulation (Jacobs et al., 2008; Ruminot et al. 2011; Choi et al. 2012; Florence et al. 2012; Theparambil et al. 2016) . Therefore, an efficient mechanism which senses the intraand extracellular variations of [HCO 3 − ] in the brain may have important functional significance during physiological and pathophysiological processes.
Astrocytes, the major type of glial cell in the mammalian brain, are known to modulate the acid/base status of the brain, primarily by secreting or taking up H + and/or bicarbonate from the extracellular space of brain tissue (Deitmer, 1991 (Deitmer, , 1992 Katsura et al. 1994b; Rose & Deitmer, 1995; Deitmer & Rose, 1996) . Mammalian astrocytes are known to express different types of bicarbonate carriers, such as the electrogenic sodium-bicarbonate cotransporter, NBCe1, chloride bicarbonate exchanger, AE, and sodium-dependent chloride bicarbonate exchanger, NDCBE (Chesler, 2003; Majumdar & Bevensee, 2010) . Among these, NBCe1 is known to be the major bicarbonate transporter and intracellular pH (pH i ) regulator in astrocytes with a high affinity and capacity for bicarbonate (Theparambil et al. 2014; . In astrocytes, NBCe1 is known to mediate inwardly and outwardly directed transport of bicarbonate, depending upon the membrane potential, and intra-and extracellular pH, and can thereby function as an acid extruder and acid loader, respectively (Deitmer, 1992; Deitmer & Schneider, 1998; . However, whether the transport activity of NBCe1 is primarily driven by sensing variations of intra-and/or extracellular concentrations of protons or of bicarbonate has remained unclear.
In the present study, we investigated the mechanisms of pH i responses to extracellular acid/base disturbances, such as isocapnic acidosis/alkalosis, hypercapnia and hypocapnia, in mouse cortical astrocytes. We used primary cultured mouse cortical astrocytes and acute cortical slices from juvenile mice, and employed confocal and wide-field fluorescence microscopy to monitor real time changes in intracellular H + and Na + , while exposing the cells to different extracellular acid/base disturbances. We investigated whether NBCe1, supported by the catalytic activity of carbonic anhydrase isoform II (CAII), plays any role in bicarbonate sensing, and its contribution to pH i responses to extracellular acid/base disturbances. For that, we compared the kinetics of intracellular H + and Na + shifts induced by different extracellular acid/base alterations in wild-type (WT) astrocytes with astrocytes from a transgenic mouse model lacking NBCe1 protein, NBCe1-knockout (KO) (Gawenis et al. 2007) . The contribution of carbonic anhydrase (CA) activity was identified by using the pharmacological CA inhibitor ethoxyzolamide. The nature of NBCe1-mediated membrane currents in response to different extracellular acid/base disturbances was analysed in NBCe1-and CAII-expressing Xenopus laevis oocytes. Our results suggest that NBCe1 transport activity, supported by CA catalytic activity, renders astrocytes bicarbonate sensors in the mouse cortex. NBCe1 carried bicarbonate into and out of the cells, depending on the variations of [HCO 3 − ] across the cell membrane, even irrespective of the intraand extracellular pH, and thus played a major role in pH i responses to different extracellular acid/base disturbances. and standard mouse diet in the animal facility of the University of Kaiserslautern. All procedures involving animal maintenance and animal experimentation were approved by the Landesuntersuchungsamt Rheinland-Pfalz, Koblenz, Germany (23 177-07).
Chemicals and reagents
Standard chemicals, tissue culture reagents, EZA (6-ethoxy-1,3-benzothiazole-2-sulfonamide) and S0859 (2-chloro-N-[[2 -[(cyanoamino) sulfonyl][1,1 -biphenyl]-4-yl]methyl]-N-[(4-methylphenyl)methyl]-benzamide) were purchased from Sigma (St Louis, MO, USA). BCECF-AM (2 ,7 -bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein) and ANG-2 AM (asante natrium green) were obtained from Molecular Probes (Eugene, OR, USA) and TEFLabs (Austin, TX, USA), respectively.
Animals, acute cortical slices and primary astrocyte culture from cerebral cortex
Mice were killed by decapitation under sterile conditions as described previously (Stridh et al. 2012; Theparambil et al. 2014) . Astrocyte culture from WT (C57BL/6, p0 to p3) and NBCe1-KO [129S6/SvEv and Black Swiss background, postnatal day (p)0 to p3] mouse cerebral cortex were prepared as previously described (Stridh et al. 2012) . Astrocytes were plated on poly-D-lysine-coated glass coverslips and maintained in Dulbecco's modified Eagle medium containing 5% fetal calf serum and 5% horse serum. The medium was renewed completely after 24 h of plating and subsequently every 3 days. Cells were used for experiments when they were 10-20 days in vitro (DIV). Microglial cells, which could be identified by their round morphology, were present to some extent in our primary cultures, but could largely be removed by centrifugation at 4 g for 1 min. Cultured astrocytes from NBCe1-KO mice were as viable as astrocytes from WT mice under the same conditions of culturing.
Acute coronal cortical slices were prepared from WT mice (C57BL/6). Mice from p16 to p17 were decapitated and their brains were quickly transferred to an ice-cold, Ca 2+ -reduced artificial cerebrospinal fluid (aCSF), containing (in mM): NaCl 125, KCl 2.5, NaH 2 PO 4 1.25, α-D-glucose 25, MgCl 2 2.5, CaCl 2 0.5, NaHCO 3 26, aerated with 5% CO 2 /95% O 2 to maintain the pH at 7.4. Coronal cortical slices were obtained at a thickness of 200 μm using a vibratome (VT 1000, Leica, Darmstadt, Germany), and were kept in aCSF for 60 min at 30°C. Astrocytes were identified by being dye loaded and by their characteristic morphology (see Fig. 9E ). (Theparambil et al. 2014 . H + buffering strength was calculated from the amplitude of the pH shift induced by addition of 5% CO 2 in the absence of external sodium to suppress the majority of acid/base transporter activity, as described in detail by .
Acute cortical slices were loaded with 4 μM of BCECF-AM in aCSF saline for 30 min at 30°C. The slices were mounted in a perfusion chamber of an upright microscope (BX50WI; Olympus, Tokyo, Japan) equipped with an epifluorescence unit (Polychrome IV; Till Photonics, Gräfelfing, Germany). The slices were superfused continuously with aCSF buffered with 5% CO 2 containing (in mM): NaCl 116, KCl 2.5, α-D-glucose 10, L-lactate 1, NaHCO 3 26, NaH 2 PO 4 1.25, MgCl 2 1 and CaCl 2 2. The temperature of the aCSF was maintained at 34°C during experiments. BCECF was excited at 440 and 490 nm for 5 ms at an interval of 5 s. The 535 nm fluorescence emission of the two excitation wavelengths was monitored through a 40× water immersion objective with a Peltier-cooled CCD camera (Till Photonics). The ratio of BCECF emissions, F 440 /F 490 , was converted into proton concentration using J Physiol 595.8 nigericin-based calibration method as described before (Theparambil et al. 2014) .
Intracellular Na + imaging
To measure intracellular Na + , cells were loaded with 10 μM acetoxymethyl ester of a single wavelength sodium-sensitive dye, ANG-2, for 60 min in Hepes-buffered solution at room temperature (20-22°C). To improve dye uptake, pluronic acid-F127 (0.08 %) was added. After dye loading, the coverslip was placed in the experimental chamber and mounted on the stage of the confocal laser scanning microscope (LSM 510, Zeiss). Cells were then superfused continuously with Hepes-buffered solution. ANG-2 was excited by 488 nm laser wavelength every 5 s (0.2 Hz) with a 40× water-immersion objective and fluorescence emission was collected at a photomultiplier tube with a long pass filter-515 (LF-505). For normalization of the fluorescence intensity, the intensities obtained for the whole experiment were divided by the average fluorescence intensity of the first 3 min of recording and was expressed as a relative fluorescence change ( F/F). This relative fluorescence intensity change was then converted to [Na + ] i obtained by direct comparison with the signals of calibration solution containing defined Na + concentration (0, 5, 10, 20 and 50 mM) (see also .
All calibration solutions contained (in mM): 140 (Na Heterologous expression of NBCe1 and CAII in X. leavis oocytes X. laevis females were purchased from Xenopus Express (Vernassal, France). Frogs were anaesthetized with 1 g l −1 of 3-aminobenzoic acid ethylester (MS-222; Sigma-Aldrich, Taufkirchen, Germany), rendered hypothermic and segments of ovarian lobules were surgically removed under sterile conditions. The procedure was approved by the Landesuntersuchungsamt Rheinland-Pfalz (Koblenz, Germany; 23 177-07/A07-2-003 §6) and has been described previously in detail (Becker & Deitmer, 2007 For voltage-clamp, electrodes filled with 3 M KCl were connected to the head-stages of an Axoclamp 2B amplifier (Axon Instruments, Sunnyvale, CA, USA). The experimental bath was grounded with a chlorided silver wire coated by agar dissolved in oocyte solution. Oocytes were clamped to a holding potential of −40 mV, and all experiments were carried out at room temperature (22°C). Further details have been described before (Deitmer, 1991; Becker & Deitmer, 2007) .
Statistical analysis
All statistical analysis were performed using the software Sigmaplot 11.0 and clamp fit 10.2. Statistical values are presented as means ± standard error of the mean (SEM). For calculation of significance, Student's t test was used. In the figures shown, significance levels are indicated by:
* P ࣘ 0.05, * * P ࣘ 0.01 and * * * P ࣘ 0.001. , and used a genetic mouse model with a deletion of the NBCe1 gene function (Gawenis et al. 2007) . In some experiments, we inhibited the activity of CA with the membrane-permeable CA antagonist ethoxyzolamide (EZA, 30 μM; Stridh et al., 2012; (Fig. 1A) and in NBCe1-KO astrocytes (Fig. 1B) , when lowering the [HCO 3 − ] from 26 mM at pH 7.4 to 16 mM at pH 7.2, to 10 mM at pH 7.0 and finally to 6 mM at pH 6.8, at constant CO 2 level of 5% (ß1.3 mM). The rates of [H + ] i change, both during lowering (Fig. 1C ) and during restoring (Fig. 1D NBC-KO (28/2/2) * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Fig. 2A) , consistent with an outward transport of Na + . The decrease of [Na + ] i amounted to −4.2 ± 0.1, −6.3 ± 0.2 and −8.8 ± 0.12 mM, when [HCO 3 − ] o was decreased from 26 mM to 16, to 10 and to 6 mM, respectively (Fig. 2C) . Similarly, the rate of the [Na + ] i fall increased from −2.7 ± 0.08, to −3.9 ± 0.2 and to −6.5 ± 0.17 mM min −1 , respectively (Fig. 2D ). In NBCe1-KO astrocytes, [Na + ] i also decreased in lower [HCO 3 − ] o and lower pH, but the amplitude and rate of decrease remained nearly at the same low value in all three [HCO 3 − ] o , being −2.8 ± 0.13, −2.7 ± 0.17 and −2.4 ± 0.12 mM, respectively, for the amplitude, and −0.87 ± 0.1, −0.82 ± 0.09 and −0.89 ± 0.12 mM min −1 , respectively, for the rate of [Na + ] i decrease. These results support the conclusion that a substantial fraction of the [Na + ] i decrease was mediated by NBCe1 activity, while a minor, constant, fraction of this decrease was independent of NBCe1 with an as yet unknown mechanism.
Results

Changes
From the rates of pH i changes and the known H + buffer strength , the acid/base fluxes were calculated, providing the net flux rates of bicarbonate out of the cells ( 1A and B and Fig. 2A and B In oocytes expressing NBCe1 and CAII, a change in [HCO 3 − ] o from 26 to 10 mM with a concomitant reduction in pH from 7.4 to 7.0, at constant [CO 2 ] of 5%, evoked a large, reversible, inward current, indicative for outwardly directed NBCe1 activity (Fig. 3D, left panel) . In contrast, increasing the [HCO 3 − ] o from 26 to 61 mM with a concomitant rise of the pH from 7.4 to 7.8 evoked an outward current, indicative for inwardly directed NBCe1 activity (Fig. 3D, right panel) . The opposite membrane currents amounted to −295 ± 23 and +184 ± 13 nA, respectively, while no currents were recorded in [HCO 3 − ], native oocytes under these conditions (Fig. 3E) . This indicates that the direction of NBCe1 transport activity was largely determined by the altered [HCO 3 − ] gradient across the cell membrane. in EZA, and recovered to −8.8 ± 0.2 mM min −1 after wash-out of EZA (Fig. 4C) . The corresponding values for NBCe1-KO cells were −1.6 ± 0.1 mM min −1 before EZA and −1.5 ± 0.1 mM min −1 in EZA (Fig. 4C, red bars) . The rate of [Na + ] i decrease in WT cells during the reduction of [HCO 3 − ] o to 10 mM was −5.9 ± 0.1 mM min −1 before EZA and −3.8 ± 0.1 mM min −1 under EZA (Fig. 4D) . The corresponding values for NBCe1-KO cells were −0.3 ± 0.04 and −0.3 ± 0.06 mM min −1 , respectively (Fig. 4D, red bars) . The results suggest that more than 30% of the rate of changes of [H + ] i and [Na + ] i mediated by NBCe1 were dependent on cytosolic CA activity in WT cells, while CA activity had no effect on these parameters in NBCe1-KO cells. We conclude that the fast conversion of CO 2 to HCO 3 − is mediated by CA activity, which provides the intracellular substrate HCO 3 − for NBCe1, and therefore supports the transport of Na 
Hypercapnic acidosis
In these experiments we changed the CO 2 level from 2 to 5% and back, while maintaining either the [ − ] o constant at 10 mM, both in the absence (Fig. 5A ) and in the presence (Fig. 5B) − ] i was calculated to be 11.5 ± 0.42 mM in WT cells, increasing to 15.6 ± 0.45 mM in the presence of EZA (Fig. 5D , open and grey bar, respectively), while it was 18.6 ± 0.6 and 18.6 ± 1.0 mM in NBCe1-KO cells without and with EZA, respectively (Fig. 5D , red bars).
The rates of [H + ] i rises were reduced from 27.6 ± 3.4 to 7.7 ± 0.58 nM min −1 under EZA in WT cells (Fig. 5E , open and grey bar), while it was 9.5 ± 0.8 and 7.2 ± 0.7 nM min −1 in NBCe1-KO cells without and with EZA, respectively (Fig. 5E, red bars) . Acid/base flux rates amounted to −7.6 ± 0.6 mM min −1 (Fig. 5F , WT, open bar), −2.6 ± 0.1 mM min −1 (Fig. 5F , WT with EZA, grey bar), −2.5 ± 0.1 and −2.3 ± 0.1 mM min −1 (Fig. 5F , NBCe1-KO without and with EZA, respectively). The [Na + ] i decreased under the same conditions (Fig. 6A ) by −4.1 ± 0.2 mM at a rate of −0.9 ± 0.1 mM min −1 in WT cells without EZA (Fig. 6B and C, open bars) , by −1.4 ± 0.3 mM at a rate of −0.6 ± 0.1 mM min −1 in the presence of EZA (Fig. 6B and C, grey bars) , and by −1.6 ± 0.2 and −1.1 ± 0.2 mM at rates of −0.4 ± 0.1 and −0.3 ± 0.1 mM min −1 in NBCe1-KO cells without and with EZA, respectively ( Fig. 6B and C, red bars) . These results show that under hypercapnic acidosis not only did the diffusion of CO 2 into the cells induce an intracellular acidification, but also outwardly directed NBCe1 transport, supported by CA activity, was involved in the cytosolic acidosis and the decrease in [Na + ] i observed under these conditions. We believe that part of the CO 2 diffusing n.s. * * * * * * * * * * * * * * * * * * * * * * * * * * into the cells was, catalysed by CA activity, converted to HCO 3 − , which was then carried out of WT cells via NBCe1, thereby aggravating the intracellular acidification and evoking the Na + decrease (as outlined in the scheme of Fig. 6F ).
In oocytes expressing NBCe1 and CAII, a small inward current of −25.8 ± 1.3 nA was recorded during a solution change from 2% CO 2 (pH 7.4) to 5% CO 2 (pH 7.0) at constant [HCO 3 − ] of 10 mM ( Fig. 6D and E) , suggesting that NBCe1 carried HCO 3 − out of the cell. This was likely to be attributable, at constant [HCO 3 − ] o , to extra HCO 3 − being formed intracellularly from CO 2 , which diffused along its gradient into the cells. No current was recorded in native oocytes under these conditions (Fig. 6E) .
Isohydric hypocapnia and hypocapnic alkalosis
We also switched from 5% CO 2 to 2% CO 2 (hypocapnia) and back while Fig. 7D, left; Fig. 7E , left, open bars), although less and more slowly in the presence of EZA ( Fig. 7D  and E) . To identify the contribution of NBCe1, these experiments were repeated in NBCe1- KO (Fig. 7A, second solution change;  Fig. 7D, right) , while the flux rates were reduced from 4.3 ± 0.2 to 3.2 ± 0.2 mM min −1 in WT astrocytes, and from 2.8 ± 0.1 to 2.5 ± 0.1 mM min −1 in NBCe1-KO astrocytes in the presence of EZA (Fig. 7E , right, open and red bars, respectively).
To further substantiate the contribution of NBCe1 activity under hypocapnia, we measured cytosolic [Na + ] during isohydric hypocapnia in WT and NBCe1-KO astrocytes ( Fig. 8A and B) . Exposure of isohydric hypocapnia evoked a robust decrease in cytosolic [Na + ] with a rate of 5.1 ± 0.3 mM min −1 in WT astrocytes ( In NBCe1-and CAII-expressing Xenopus oocytes, the isohydric hypocapnia evoked a substantial inward current of 223 ± 21 nA (Fig. 8C, upper trace; Fig. 8D was absent in native oocytes (Fig. 8D) , suggesting that NBCe1 was operating in the outwardly directed mode under this condition. By contrast, exposure of hypocapnic alkalosis evoked a small outward current of 25 ± 7 nA in NBCe1+CAII-expressing oocytes (Fig. 8C , lower trace; Fig. 8D ), but no current in native oocytes (Fig. 8D) , suggesting that NBCe1 was operating in the inwardly directed mode under this condition. Our experiments show that there are two processes activated during isohydric hypocapnia (see Fig. 7B (Fig. 9A  and C) . The rates of [H + ] i changes were 25.5 ± 3.2 and −39.4 ± 2.1 nM min −1 , respectively (Fig. 9D) . The pharmacological inhibition of NBCe1 with 50 μM S0859 (NBCe1-KO mice rarely live beyond the second week) reversed the isohydric hypocapnia-induced intracellular acidification to an intracellular alkalinization of -9.1 ± 2 nM [H + ] i with a rate of −64.4 ± 14.1 nM min −1 (Fig. 9B-D) . The identification of astrocytes for the measurements was based on their characteristic morphology and by selecting cells filled with dye ( Fig. 9D ), as has also been reported previously (Theparambil et al. 2014) . These results in acute brain slices therefore agree with the intracellular H + responses during hypocapnia observed in cultured WT and NBCe1-KO astrocytes. The 
Discussion
The main finding of the present study is that during extracellular acid/base disturbances, pH i of mouse cortical astrocytes primarily follows the changes in the bicarbonate gradient across the cell membrane, rather than the changes in extracellular [CO 2 ] and pH. Although both extracellular pH and [CO 2 ] affect pH i , as expected for most cell types, the [HCO 3 − ] gradient across the cell membrane dominates the pH i changes in cortical astrocytes, both during hypercapnia and during hypocapnia. These pH i responses were dependent on the presence of the NBCe1 protein, which had been shown to be a high-affinity bicarbonate carrier in these cells (Theparambil et al. 2014) . It should be pointed out that our study was performed on astrocytes in culture and in situ of newborn or juvenile mice, and therefore needs to be confirmed for adult mice and in vivo conditions. Since most dyes can only be loaded into astrocytes from juvenile mice, genetically encoded pH sensors might allow us to measure pH in adult animals, as reported recently (Raimondo et al. 2016) .
Outward transport of bicarbonate via NBCe1 was greatly dependent on the enzymatic activity of CA, and could result in much lower [HCO 3 − ] i in WT astrocytes as compared to NBCe1-KO astrocytes. This also inferred that the intracellular sodium concentration decreased with reduced [HCO 3 − ]. Frog oocytes, injected with cRNA of NBCe1 and CAII, responded with an inward current during isohydric hypocapnia, isocapnic acidosis and hypercapnic acidosis, indicating outwardly directed activity of NBCe1. We propose that the NBCe1 in the 'reversed' mode may play an important physiological role during acid/base disturbances in the brain, providing base equivalents to extracellular spaces, thereby increasing extracellular pH and H + buffer strength.
pH i response of astrocytes to isocapnic acidosis is dominated by bicarbonate secretion
The steady-state pH i of a cell is largely determined by the sum of the fluxes of the acid loading and extrusion (Deitmer & Rose, 1996; Deitmer & Chesler, 2009) . If changes of extracellular pH affect the transport activity of acid loaders or extruders, pH i usually changes (Mellergard et al. 1994; Bevensee & Boron 2008) . It is known that exposure of isocapnic acidosis/alkalosis, i.e. change in extracellular pH and [HCO 3 − ] at constant [CO 2 ], induce corresponding pH i changes in the majority of mammalian cell types, except some specialized cells in the gastric gland (Mellergard et al. 1994; Waisbren. et al. 1994; Salameh et al. 2014) . The amplitude and kinetics of these pH i responses may vary depending on the cell type, indicating that mechanisms responsible for these pH i responses are cell type-specific (Salameh et al. 2014) .
Although the mechanisms of pH i regulation from an acute intracellular acid/alkali load at a constant physiological extracellular pH (7.3-7.4) have been studied in some detail in mammalian astrocytes (Brune et al. 1994; Chesler, 2003; Theparambil et al. 2014 , the mechanisms determining the pH i responses to extracellular acid/base disturbances have remained largely unclear. In the present study we observed isocapnic acidosis-dependent robust intracellular acidification and sodium fall in WT cortical astrocytes. The same isocapnic acidosis solutions induced much smaller intracellular acidification and sodium fall in NBCe1-KO astrocytes. These results suggested that the primary mechanism which induces the robust pH i responses in cortical astrocytes during isocapnic acidosis is attributed to NBCe1-dependent sodium-bicarbonate secretion (Deitmer, 1991) . With the equilibrium potential of NBCe1 (near −80 mV) being close to the resting membrane potential of astrocytes (−80 to −90 mV), NBCe1 is poised to carry bicarbonate in both directions depending on the changes in membrane potential, in [Na] i/o and in [HCO 3 − ] i/o (Deitmer & Schlue, 1989; Chesler, 2003; . Supporting this conclusion, isocapnic acidosis evoked a large inward current (outwardly directed NBCe1) and isocapnic alkalosis evoked a large outward current (inwardly directed NBCe1), in X. laevis oocytes expressing NBCe1 and CAII proteins.
We could further show that the acid/base flux rate (J A/B ) induced by isocapnic acidosis was also dependent on the catalytic activity of CA, presumably of CAII, which is the major cytosolic CA expressed by cortical astrocytes (Ghandour et al. 1981; . The possible mechanism can be explained as follows. By sensing the decreased external bicarbonate concentration during isocapnic acidosis, bicarbonate is secreted from astrocytes via NBCe1, which caused a fast and large cytosolic acidification and sodium fall. NBCe1 would continue to extrude sodium-bicarbonate until the transporter reached its electrochemical equilibrium with the exposed extracellular [HCO 3 − ]. The loss of intracellular bicarbonate would also alter the chemical equilibrium of CO 2 + H 2 O with H + + HCO 3 − inside the cell, which would induce the diffusion of CO 2 into the cell until the equilibrium is re-established (see the scheme in inset of Fig. 1A ). The CA activity may be crucial here to quickly produce cytosolic HCO 3 − and H + from CO 2 , − , pH 7.85, right). E, image of part of a brain slice as used for pH measurements; identification of astrocytes could also be performed by eye, as only astrocytes are loaded with the dye and have a characteristic shape (see arrow). J Physiol 595.8 and thus helping to gain chemical equilibrium quickly. This would provide a steady supply of HCO 3 − to the NBCe1 and enhance sodium-bicarbonate secretion, as evidenced from the reduced rate of acid/base flux and sodium fall after inhibition of CA in WT astrocytes, but not in astrocytes with NBCe1 genetically deleted. This supports previous findings that the catalytic activity of CAII supports the NBCe1-mediated bicarbonate transport when these proteins are heterologously co-expressed in X. leavis oocytes (Becker & Deitmer, 2007; Schüler et al. 2011) . − (Thomas, 1974 (Thomas, , 1976 Fig. 6F ). This rise in [HCO 3 − ] i would thermodynamically pose NBCe1 as outwardly directed, and thus an additional intracellular base (bicarbonate) would be exported. NBCe1 and CAII would hence aggravate the CO 2 -induced cytosolic acidification under this condition. Supporting this hypothesis, we found that the CO 2 -induced rise in [HCO 3 − ] i is higher in astrocytes that genetically lack NBCe1 protein than in WT astrocytes, which extrude net bicarbonate.
It was shown that hypercapnia causes an immediate fall of extracellular pH and [HCO 3 − ] in the mammalian brain (Katsura et al. 1994a,b) . Interestingly, under sustained hypercapnia, the extracellular pH and [HCO 3 − ] of brain recovered to their basal values (Katsura et al. 1994b) . Therefore, it was hypothesized that bicarbonate is secreted to the extracellular space causing the regulation of brain extracellular pH and bicarbonate under continuous exposure of hypercapnia (Katsura et al. 1994b) . However, the cellular and molecular identity of this element secreting bicarbonate was not clear. Based on evidence presented in the present study, we propose that one of the potential cellular mechanisms which might contribute to the recovery of the extracellular pH and [HCO 3 − ] in brain tissue under sustained hypercapnia, as observed by Katsura et al. (1994b) , might be bicarbonate secretion by astrocytes via NBCe1 with the support of CAII catalytic activity. However, further experiments in vivo are required to test this hypothesis. Intracellular CO 2 is expected to diffuse out of the cell during the hypocapnia (reduced CO 2 partial pressure). As CO 2 leaves the cell, following its outwardly directed concentration gradient across the cell membrane, its intracellular equilibrium with H + and HCO 3 − is altered. This would in turn promote the conversion of intracellular H + and HCO 3 − and produce more CO 2 , which then continues to leave the cell until the chemical gradient for CO 2 is in equilibrium across the cell membrane. Hence, reducing extracellular [CO 2 ] is expected to cause cytosolic alkalinization, as generally expected in most cell types (Thomas, 1976) . In the present study, we have exposed the cells to two different kinds of hypocapnia, (1) − ] (hypocapnic alkalosis) induced cytosolic alkalinization in both WT and NBCe1-KO astrocytes, indicating that the pH i response under this condition was largely dominated by the efflux of CO 2 . When both 2 and 5% CO 2 solutions had the same [HCO 3 − ], the free energy for NBCe1-mediated transport is expected to be unaltered initially. However, as CO 2 continues to leave the cell, some intracellular HCO 3 − would be converted to CO 2 , which continues to leave the cell (see the Fig. 6F, schematic diagram) . Sensing this decrease in [HCO 3 − ] i under hypocapnic alkalosis, NBCe1 would carry bicarbonate into the cell. Indeed, we observed a larger [H + ] i fall/alkalinization in WT astrocytes than in NBCe1-KO astrocytes, and observed an outward current in NBCe1-and CAII-expressing frog oocytes under these conditions. Therefore, we conclude that NBCe1 might be regarded as a potential bicarbonate sensor in astrocytes. The pH i response to extracellular acid/base challenges, such as isocapnic acidosis, hypercapnic acidosis, isohydric hypocapnia and hypocapnic alkalosis, were largely determined by transmembrane gradient and transport of [HCO 3 − ], rather than [H + ] or [CO 2 ] gradients, sensed by NBCe1 in astrocytes. During extracellular acid/base disturbances, extracellular CAs expressed in the brain might modulate the availability of bicarbonate, formed from CO 2 released from active neurons, for the transporter. Since the transporter is electrogenic, the direction of bicarbonate transport would be determined by the net electrochemical gradient during the extracellular acid/base disturbances.
Physiological implications
Extracellular pH changes in the brain can substantially modulate neuronal excitability (Rose & Deitmer, 1995 , Chesler, 2003 . Since H + inhibits NMDA receptors and voltage-gated calcium channels, a shift in extracellular pH in the acidic or alkali direction can reduce or enhance neuronal excitability, respectively (Traynelis & Cull-Candy, 1990; DeVries, 2001) . Rapid extracellular acidification can also elicit neuronal excitation in some specialized regions of the brain, attributed to the expression of acid-sensing ion channels, ASICs (Xiong et al. 2008) . In some parts of the nervous system, neurons can be extremely sensitive to pH changes, such as those involved in breathing control and in the carotid body (Guyenet et al. 2016) .
Processes such as epilepsy, hypercapnia, hypocapnia, ischaemia, hypoxia and anoxia are accompanied by extracellular pH shifts in the brain (Mutch & Hansen, 1984; Siesjo et al. 1985; Xiong & Stringer, 2000; Gupta et al. 2004; Raimondo et al. 2016) . Our results suggest that glial cells actively respond to the extracellular pH shifts by sensing the variations in intra-and extracellular [HCO 3 − ], and would modulate the extracellular pH/[HCO 3 − ]. Our study suggests that astrocytes may also secrete bicarbonate in response to metabolic and respiratory acidosis. This would also enhance bicarbonate-dependent H + buffering in the extracellular spaces, which might be crucial for maintaining neuronal excitability under pathophysiological conditions associated with brain acidosis. Enhanced extracellular space pH buffering might be significant for the shuttling of H + -dependent substrates, such as lactate or glutamine, from glial cells to the extracellular space, as extracellular bicarbonate effectively buffers the co-transported protons, which would help to maintain the outwardly directed gradient (Deitmer, 2002; Deitmer et al. 2003; Becker & Deitmer, 2004) . On the other hand, a number of studies have shown that astrocytic acidosis under pathological conditions impairs many of its vital functions, such as glucose metabolism, glutamate uptake and release, and glutamine synthesis, which can result in neuronal dysfunction and cell death (Swanson et al. 1995; Billups & Atwell, 1996; Brooks, 1997; Chen & Swanson, 2002; Aoyama et al. 2005; Beppu et al. 2014 ).
The present study shows that bicarbonate sensing via NBCe1 can aggravate cytosolic acidification of astrocytes under isocapnic and hypercapnic acidosis, and even under isohydric hypocapnia. On the one hand, astrocytes take an acid load to provide a more stable acid/base condition to neurons, while on the other hand, this may also have deleterious effects on cytosolic pH-dependent functions of astrocytes, such as uptake and release of glutamate, J Physiol 595.8 glutamine delivery and glucose metabolism. Therefore, bicarbonate sensing of astrocytes via NBCe1 may be regarded as a double edged sword during extracellular acid/base disturbances in the brain.
